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ABSTRACl  
This program computes conventional performance parameters  a t  required com- 
binations of speeds and flow ra tes .  Necessary input information consists of flow areas ,  
diameters, blade angles, and an estimate of design point performance. 
equations and corresponding computer listings a r e  given. A se t  of example calculations 
is included. 
The flow 
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A FORTRAN I V  PROGRAM TO ESTIMATE THE OFF-DESIGN 
PERFORMANCE OF RADIAL-INFLOW TURBINES 
by C a r r o l l  A. Todd a n d  Samuel M. Futral,  J r .  
Lewis Research Cen te r  
SUMMARY 
A FORTRAN IV computer program for off -design performance of a radial-inflow 
turbine is presented. The thermodynamic equations used and the corresponding computer 
listings a re  given. Use of the program requires as input information the turbine flow 
areas,  diameters, and blade angles. An estimate of design point performance is also 
necessary. The output consists of conventional performance parameters at specified 
flow conditions and speeds. A complete set of calculations fo r  an example turbine is 
included. 
I NTRO D UCTlO N 
A procedure for predicting the off -design performance of radial-inflow turbines was 
described by Futral and Wasserbauer in reference 1. It is possible to use this proce- 
dure for hand calculations, but it is lengthy and contains several iterations. For this 
reason a digital computer program analog has been used. The computer program used 
at Lewis Research Center is given here, with the explanations necessary for its use. 
The thermodynamic equations are also given. 
except for an improvement in the calculation of rotor incidence loss and the calculation 
of additional performance parameters. 
(1) For  an existing turbine, the perform- 
ance at design operating point may be known, while information on off -design performance 
is lacking. In this case, the program provides a convenient way to estimate off-design 
performance without making actual tests. 
the design point performance can usually be closely estimated as part of the design 
process. However, if the off -design operation is of sufficient importance, modifications 
in the design may be considered. In this case, the effect of a series as small design 
These a r e  the equations of reference 1, 
The program has been used in two ways. 
(2) The program is also useful as a design guide. For a proposed turbine design, 
changes on performance may be studied by repeated use of the program. 
includes the input and output listings for an example turbine problem. 
In addition to the engineering equations and the FORTRAN IV program, this report 
EN GI NEER ING A NALY S I S 
The analysis consists of a one-dimensional solution of flow conditions along the mean 
streamline in the turbine, using perfect gas relations throughout. Equations were written 
in a step-by-step fashion, beginning at the turbine inlet. The analysis is written for sub- 
sonic flow only since stator choking is not expected. Symbols used in the engineering 
equations are given in appendix A, and the equations are listed in appendix B. Figure 1 
shows the location of station subscripts in the turbine. 
Stat ion 
1-0 
1 
2 
wheel 
I CD-7928 
F igu re  1. -Turbine stator  a n d  rotor. 
2 
- ............. 
Required Information 
The geometric features of the turbine which must be specified consist of flow areas, 
blade angles, and major dimensions. The flow areas needed are  those at the turbine 
inlet, stator exit, rotor inlet, and rotor exit. The turbine inlet area is normal to the 
flow, upstream of the scroll. The stator exit area and the rotor entrance area a re  
surfaces of circular cylinders, with elements parallel to the turbine axis. The rotor 
exit area is an annular area, perpendicular to the turbine axis. The stator exit area 
is located just inside the blade row and the rotor inlet and exit areas are calculated at 
locations just outside the blade rows. 
angles at the mean streamline. 
mean diameter at the rotor exit. The axial blade length at the rotor tip is also neces- 
sary.  
pressure at the turbine inlet. The gas properties needed are  the specific gas constant, 
the specific heat at constant pressure, and the specific heat ratio. 
The blade angles at the stator exit and rotor exit must also be specified. These are 
Diameters needed a re  the stator exit diameter, rotor inlet tip diameter, and the 
The required inlet conditions of the working fluid are the total temperature and total 
Input information which applies to the example turbine is as follows: 
Turbine inlet area, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Stator inlet area, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rotor entrance area, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Stator exit diameter, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rotor exit area, sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rotor inlet diameter, sq ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Stator exit axial dimension, f t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rotor exit angle, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Number of blades at rotor tip 
Stator exit angle, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Turbine inlet total pressure, OR. . . . . . . . . . . . . . . . . . . . . . . . . .  
The thermodynamic properties of the working fluid are as follows: 
0.12989 
0.04078 
0.04175 
0.04719 
0.42650 
0.41417 
0.03208 
. 72.47 
. -56.85 
. . .  22 
. . 2060 
Specific gas constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18.437 
Specific heat ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .5/3 
Constant pressure specific heat . . . . . . . . . . . . . . . . . . . . . . . . . .  0.05924 
3 
The design point quantities, used in determination of frictional coefficients, are the 
following: 
Mass flow rate, lb/sec. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.7484 
Total efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.897 
Wheel speed, rpm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 000 
Total pressure ratio across stator. . . . . . . . . . . . . . . . . . . . . . . . . .  0.98 
1.7397 Total pressure ratio across  turbine . . . . . . . . . . . . . . . . . . . . . . . .  
Operat ion of t h e  Program 
In solving the equations in appendix B, the 
ally the order listed. Solutions for  the 
are accomplished by means of the 
implicitly defined . 
The initial value for  
ment size are also 
determined by the 
increases in the 
cannot pass. Mathematically, this condition is evident in that no solution exists for  
(W/Wcr)4t the rjlative velocity ratio at the rotor exit. When this occurs, the maximum 
value for v/VCr is computed to five significant figures. The computer prints out a 
complete set of answers for  each value of V/Vcr (, ) for any given wheel speed. When one wheel speed is finished, the computer goes on to the next speed until all specified 
speeds have been used. 
In this discussion, it is always assumed that the temperature and pressure of the 
working fluid entering the turbine a re  constant. This has fulfilled all needs thus far. 
However, if the program should be required to operate in some other manner, the 
amount of additional instructions would not be great. 
For operation of the wheel speeds of interest are specified in advance. 
final value for this quantity will not be known and is 
the velocity ratio at the stator exit, as well as its incre- 
wheel speed. For any given wheel speed, repeated 
eventually result in a flow rate which the turbine 
Loss Coeff ic ients 
Calculation of rotor incidence loss makes use of the angle (9 in equation (B17). 
This is the optimum incidence angle and is that incidence angle associated with minimum 
rotor incidence loss. The calculation of cp follows the method of Stanitz (ref. Z ) ,  
developed to  account for  ?slipt* in centrifugal compressors having radial blading. 
4 
. ._ .. 
I . . ... 
The loss coefficient kl  applies to the stator and must be evaluated before the main 
The determination of kl involves simultaneous solution of equations 
For this purpose, the total pres- 
program is used. 
(Bl) to (B5) using the design value of mass flow rate. 
sure  ratio across  the stator pi/pb is determined from design data. A separate routine 
is provided for this solution. 
procedure in reference 1. In the computer determination, this is done by means of a 
search routine. By repeated calculations, the computer finds a pair of values for m 
and k which yield design values for mass  flow rate, efficiency, and pressure ratio. 
Design speed and inlet conditions are specified. 
The determination of the loss coefficients m and k were presented as a graphical 
Output Information 
A sample of the computer output is shown for the example turbine. To assist in 
reading this, a list of machine output symbols in terms of engineering symbols is 
included in the section on program output. The information contained in the machine 
output may be classified under several headings as follows: 
(1) Input information - For each speed, the following quantities are printed out: 
(a) Design speed 
(b) Percent design speed 
(c) Fluid inlet temperature and pressure 
(d) Turbine dimensions and angles 
(e) Fluid constants 
(f) Number of rotor blades (at tip) 
(2) Performance parameters 
(a) Efficiences 
(b) Blade-jet speed ratio 
(c) Pressure ratios 
(d) Specific work 
(e) Ideal work 
turbine as follows: 
(a) Pressures  
(b) Temperatures 
(c) Velocity components 
in the print-out, such as the following: 
(3) Internal variables - Internal variables are listed for each station throughout the 
(4) Additional quantities - Certain ratios have been found useful and are included 
5 
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(a) WNE/ 6 
(d) r/qn 
(e) Losses calculated on a pound mass basis denoted by L with appropriate 
subscript 
ideal work 
are useful in studying loss distributions in the turbine 
(f) Fractional losses denoted by A q  where the loss has been divided by the 
(g) Losses in efficiency, given in equation (B31) as %, qR, and qI, which 
THE FORTRAN I V  PROGRAM 
In this section are presented the FORTRAN IV routines, input and output consid- 
erations, and the internal documentation. The program operates in three distinct 
modes, each depending on the type of information available o r  the desired output. In 
mode one operation, the loss coefficients are assumed known. Off -design calculations 
are made by means of changes in speed and changes in the value of V/Vcr 1. This 
mode furnishes performance results, once the loss coefficients a r e  known. In mode 
two operation, sets of loss coefficients are entered and calculations are made at design 
values of speed and V/Vcr 1. This mode is used for studying the results of variations 
in frictional effects. In mode three, the program determines the loss coefficients and 
produces one complete set of calculations representing design conditions of the turbine. 
This set of calculations verifies the determination of the loss coefficients. 
0
0
Program Input  
Actual input for the example with card format is presented in this section, followed 
by the definitions of the terms used on the cards. 
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TITLE P R O J l C l  NUWBLR 
NASA-C-836 (REV. 9-16-591 C I 4 1 1 9  
"LIST 
S H E E T - O F -  
TITLE 
FORTRAN STATEMENT I lOENTlFlCATlON 
PROJECT NUMBER ANALYST 
SHEET-OF- 
TITLE 
1 STATEHEN1 "UMBER 0 FORTRAN STATEMENT 1 lPENTlFlCATlON 
PROJECT NUMBER ANALVST 
SHEEI-OF- 
I 2 3 L 5 6 1 8 9 10 II I2 I3 I& IS I6 I1 I8 I9 20 21 22 23 Z I  25 20 21 28 29 3d 31 32 33 3L 3s 36 31 38 39 LO I I  W L 3  LLLS Lb Ll L8 L9 SO SI  52 53 5 1  55 Sb 51 SO S9 60l61 62 636' 65 6bi61 M 6V 10 1, 12113 1 I  15 16 11 10 1V 01 1- . . . . . . . . . , . , . . . . . , . 1 1 . 1 . . . . . . 
, 
I . .  , I  / , . . , . I  , , ,  I 
M O D E  T H R E E  F O R M A T  
~ - _ - : : : : :  : : : : :  : : I : '  : , i i i  : : . . :  : : : : :  : : : : :  : : : : :  
I . .  , .  
I . L L C I - ~ + C + - , - + - - l .  . I , . I I I d  -+--- : : : : : r - . : : . :  : : : : :  ; ' : : :  , : . : :  : : : : :  
I 2 3 L 5 6 1 8 9 IO II I2 I3 II IS  16 11 I8 I V  20 21 22 23 Z L P S  26 21 28 2V 3 SI 32 53 3L 35 30 31 38 3V LO LI LZiL3 LLCS Lb L.1 L8LV SO SI 52 53 5 1  55 56 51 58 59 bo 61 62 6 S b C  65 bb b l  60 6V 10 11 12 13 1 I  I S  16 T I  18 19 I 
The definitions of the terms used on the cards are as follows: 
Card 1: 
PREF 
WREF 
Card 2: 
A 0  
A1 
A3 
A4  
D1 
D3 
XL 
AL 1 
Card 3: 
B 4  
ZBR 
Po 
TO 
u 3  
u 4  
G 
R 
Card 4: 
C P  
VSTART 
DELV 
VEND 
estimate of Pi/Pb to determine kl 
estimate of W to determine kl 
area of turbine inlet, Ao, sq  f t  
area upstream of stator exit, A1, sq f t  
area upstream of rotor inlet, A3, sq f t  
area downstream of stator exit, A4, sq f t  
diameter upstream of stator exit, D1, f t  
diameter upstream of rotor inlet, D3, f t  
axial distance, 1 ,  f t  
absolute gas angle, al, deg 
free stream gas flow angle, p4, deg 
number of rotor blades at tip of rotor, Z 
inlet pressure, pb, lb/sq f t  
inlet temperature, ~ b ,  OR 
design speed upstream of rotor inlet, U3, ft/sec 
design speed downstream of rotor exit, U4, ft/sec 
ratio of specific heat at constant pressure to specific heat at 
specific gas constant, R, ft-lb/(lb) (OR) 
constant volume, y 
specific heat at constant pressure, c Btu/(lb) (OR) P’ 
starting value of 
incremental value of (v/VcrJl 
end value of (V/VCJl 
10 
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Card 5: 
MODE if MODE = 1, a performance run varying percent speed 
if MODE = 2, manual determination of m and k 
if MODE = 3, automatic determination of m and k 
Card 6: 
XM 
XK 
Card 7+: 
PERCT 
Card 6-t: 
XM 
XK 
Card 6: 
PDSGN 
ETAD 
P 
E 
7 
MODE ONE 
MODE TWO 
i 
1 
loss coefficient 
loss  coefficients 
percent of design speed 
MODE THREE 
loss  coefficient 
loss coefficient 
specified pb/pi or  pb/ph 
specified q o r  qs 
if p = 1, pb/p4 is specified 
if p = 2, pb /p i  is specified 
if E = 1, qs is specified 
if E = 2, % is specified 
Description of the Output 
I 
A list of the machine output symbols, internal program variables, and their corre- 
sponding engineering symbols is given here. Refer to  appendix A for the physical 
interpretation. Following this are sample output listings showing the results of 
calculations for modes one, two, and three using the input data given previously. It 
should be noted that each block of output is for a specific value of (V/Vcr)l. 
11 
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ALPHA2 
BETA3 
DEE 
DEI 
DELTA 
DER 
DES 
EQ-SPEED 
ETA-E 
ETA-I 
ETAR 
ETA-S 
ETA-T 
LE 
LI 
NOT 
NU 
PO, /P4 
Machine Output Symbols and Definitions 
V 
Pb/P4 
Pb/P’4 
12 
P1, /PO, 
p 2 ,  /PO, 
p2, /PI, 
P 4/PO, 
P4/P4lD 
P4/P4, 
p4 ,  /PO, 
PHI 
PV/PVCR)O 
PV/PVCR)l 
PV/ PVCR)2 
PYX/ PVCR)3 
PW/PWCR)4 
R2 
RH0)O 
RHO -VCR)O 
ROTOR-LOSS 
SMALL-w 
SPEED 
SPEED-PAR 
13 
STATOR -LOSS LS 
T, , /T, )3 
T3,, 
T4, 
T4, /T4, , 
T4,9 /T3,9 
THE TA-CR 
TOP 
v3 
v 4  
V/VCR)O 
V/ VC R) 1 
V/VCR)2 
V/VCR)J 
VCR)O 
VCR4 
v u 3  
v u 4  ' 
Vu / VC R)3 
v x 3  
@lt/T1) 3 
Tjt 
@'/T") 4 
14 
VX/VCR)3 
w 1  
w 3  
w4 
W/ WC R ) 3 
W/WCR)4 
WCR3 
WCR4 
WID 
w7 
WTOP 
15 
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Mode One S a m p l e  O u t p u t  
OFF DESIGN PERFORMANCE OF A RADIAL INFLOU TURBINE 
TURBINE GEOHETRY An o . i z s e e 7  A 1  0.4078OOE-01 A3 3.417450E-01 A 4  0.471880E-01 01  0.426500 
INLET CTNOITIGNS PO 36C0.000 TO 2060.000 
DESIGN SPEEDS 113 780.6838 U4 443.2450 
FLIJID PROPERTIES G 1.666700 R 18.43700 CP 0.592420E-01 EPS 0.910949 
HMOE 1 .  PERFORMANCE RlJN VARYING PERCENT SPEED 
03 0.414166 L 0.320830E-01 A L 1  72.47000 B4 -56.85000 z 22.00000 
H 3.592625 
K 0.754039E-01 
K 1 0.763553E-01 
PERCENT 1 O O . C O O O  
113 780.6@38 
U4 4 4 3 - 2 4 5 0  
CESIDN Pl./PO. 0.9RO000 
CESIGN SHALL-W 0.748400 
V I V C R I I  0.2COOOO 
V C R J O  1235.911 
RHO-VCRIO 117.1473 
PV/PVCR) l  0.157OC8 
SHALL-W 0.283144 
V/VCR)O C.116108E-01 
VIVCRJZ C.ZOC089 
PV/PVCR 12 0.19709 3 
W I D  E . t385@1 
ETA-I  0.778959 
ROTOR-LOSS 1.6891 87  
SPFE0 36000.00 
OELTA 1.7C1146 
NOT 793.1747 
NSP 12C.8699 
R h O  )Cl 0.947862E-01 
PV/PVCRID o . i e 6 0 8 4 ~ - 0 i  
H I  1.651284 
P O . / P ~  1. i e 5 7 1 0  
V / V C R l l  0.25000C 
VCRIO 1 ~ 3 5 . 9 1 1  
R h O  b3 0.947R62E-01 
RHO-VCR )O 11 7.1473 
PVIPVCR) I C.244164 
SMALL-U 0.350528 
PV/PVCR )O C.230369E-01 
V l V C R  I O  0.230415E-01 
V/VCRJ2 C.250111 
PV/PVCR 12 0.244267 
W I  4 . 1 ~ 0 4 9 0  
W I D  5.739316 
E T A - I  C.839335 
ROTOR-LOSS 1.428626 
SPFEO 36CC0.00 
DELTA 1.7C1146 
NOT 7V3.1747 
PZ./PO. 
P2 . /P l .  
R 2  
VU/VCR) 3 
VX/VCR13 
V / VCR I 3 
v u 3  
W3 
v x 3  
ETA-E 
ETA-T 
LE 
STATOR-LOSS 
EO-SPEED 
SPE ED-P AR 
UT LIP 
P H I  
ALPHA2 
P2./PO. 
P2 . /P l .  
K2 
VU/VCR 1 3 
vx  /VCK 13 
V/VCRl3 
v u3  
w3 
v x 3  
ETA-E 
ETA-T 
LE 
S T A TtlR-L O 5 S 
EO-SPEED 
SP€ ED-PAR 
WTOP 
P H I  
ALPHA2 
0.998079 
1.000023 
0.212270 
73.3 1849 
0 . I 9 6 4 6 4  
0.5R9386E-01 
0.205114 
242.8122 
542.7817 
72.84285 
0.497547 
0.291 1 5 5  
2.308287 
0.928868E-0 1 
29695.14 
5 991.953 
0.5 1 4 0 4 5  
-43.96986 
0.996982 
1.000035 
0 .2 127 7 0  
0.245580 
0.737055E-01 
0 - 2 5 6 4 0 2  
303.5152 
4R5.7858 
91.09343 
0.626407 
0.525645 
7.0008h8 
0.145112 
29695.14 
7 4  17.945 
0.6 363 80  
-37.64624 
73.31857 
v 3  
BETA3 
T 3 . s  
T 4 1  . IT30 * 
U/UCR)3 
PVXIPVCRJ 3 
P4/P410 
PIJ/PWCR) 4 
W/WCR)4 
W , I O  
ET A- S 
DE E 
DER 
VU 
TI  , /T I  13 
W I-EO 
TOP 
P1./POI 
v 3  
BETA3 
T t . / T .  13 
13 . .  
T4.v /T3* v 
k/WCR) 3 
PVXIPVCRI3 
P 4 / P 4 I  O 
PW/PWCR)4 
WIWCRl4 
H . 1 0  
ETA-S 
DE E 
DER 
NU 
W1-EO 
TOP 
Pl./PO. 
253.5031 
-82.29354 
2 137.666 
0.934870 
0 - 4 3  1 1 2 3  
0.5 80 1 12 E- 0 1 
0.918390 
0.108550 
0.109036 
5.808875 
0.210396 
0 .287151 
1.730507 
1.150754 
0.474460E-01 
0 - 9 9 8 0 5 6  
1.037702 
0.21n 134 
316.8903 
-79.19788 
1.022189 
2 IO5 .7 10 
0.93 3882 
0.388769 
0.718959E-01 
0 - 9 2 6  179 
0.137770 
0.138771 
7.800876 
0.42 1024 
0.20 5442 
0.146686 
1. 117917 
2.789984 
0.142408 
0.996947 
WCR3 1258.994 
W4 132.7295 
WCR4 1217.305 
VU4 332.1319 
T4.IT4.9 1.016578 
VCR4 1227.123 
v 4  339.9744 
P4IP4.  0.952730 
P4/P0. 0.R43376 
T4r 2031.472 
WE0 0.183813 
LI 2.267151 
D E S  0. I 1 5 5 5 1 E - 0 1  
THETI-CR 1.469718 
P01/04 .  1.129667 
DEI  0.281412 
ETA-R 1.066110 
P4./POv 0.885221 
WCR3 
n 4  
WCR4 
VU4 
T4r / T 4 1 ,  
V C Q 4  
v 4  
P4/P4. 
P4/PO. 
7 4  9 
UFO 
L I  
THE TA-CR 
PO* I P 4 .  
ET A-R 
P4,/Pfll 
nEs 
n E I  
1 2 4 %  5 4 8  
167.5706 
3 0  2.96 5 0  
1.012364 
12 14.074 
316.5768 
0.95811 8 
0.812271 
1990.797 
0.227558 
2.073232 
0.148996E-01 
1.469718 
1.179552 
0.212872 
1.044782 
. 1207.532 
0.847779 
Mode Two Sample Output 
OFP O E S I G N  PEI~FUHHANCE OF A RADIAL IYFLJY T U R I I N E  
TUHblhlt  b E U M t T A Y  AU U.129M117 A 1  0.407YODE-01 A3 0.417453E-01 A 4  0.471880E-01 01 0.+26530 
I N L t T  LUiuUlT IUouS Pu 56UO.UUO TU 2060.330 
D t S l G N  bPtEDS U3 76U.0636 u* 443.21150 
K U l U  P K U P t K l l c S  b l .ob07U0 R in.+9733 CP 0.592423E-01 EPS 0.910949 
M U M  21 MAiYUAL UcTtHPI INAl IJ iv  UF PI ANI) K 
03 U . 4 l 4 l b O  L 0.3ZOJjOE-01 AL1 72.47030 84 -56,85000 2 22.00000 
n 3.0OUUJO 
K J.500UOUE-01 
SI U.763355E-01 
PtKLEPIT 1OU.UJU0 
U5 780.0631) 
U 4  4 4 3 - 2 4 9 0  
UCbl&U PI./PU, U.YdOUU0 
O E S l W  WALL-U U.74840U 
V/VLK 1 I 
VLKIU 
RHO-ULk Id 
PV /PWLK I1 
SI~ALL-I 
PV/PVLK Id 
V/VLKIU 
V/VCKIL 
PW/PVLK JL 
n l  
W I U  
E1u-l 
UVT M - L U b a  
bV c t u  
UtLTA 
NU 1 
PU, / P 4  
N SP 
K W I J  
V/VLk Ju 
W / V L K I L  
PV/PWLKIL 
J.LOUUUJ 
l L 3 3  .Y I I 
A 17.1*73 
3 .  IY7UUb 
3 *id 3144  
U. L b b J U 4 t - U l  
U. l b lUt lc -O l  
J - L 0 2 3  I b 
J.IYY4UY 
1.7>01>a 
i .LY077a 
J. u o b i  bL 
I ) . Y L 4 U Y U  
36OUO.UU 
I. 7 0  1146 
IY3.1741 
I. I o b 0 4 U  
1 3 3 . 2 1 1 Y  
0.Y47boLL-01 
PL ./PU. 0.99Yt.95 
P L * / P l r  I.OUO(r40 
K2 O.L lL3b8 
VUIVCKI3 0.1931147 
VX/VCAI3 U.589L32E-I1 
0 .LO7 33  3 
VU5 245.7571 
13 539.6610 
'4x3 72.825dM 
ALPrlA2 73.51138 
V /  VCK 13 
t rc\ -E d.353111 
t T A - 1  0.341920 
LE C.3L9552 
SfATUR-LUbS U.630830E-31 
tu-SPEtO 2JbY5.14 
bPEt0-PAR 5991.Y53 
YIOP 0.514345 
P H I  -43.97792 
PL ,/PO, 
P L  ./PA. 
K 2  
vu/ VLdI 3 
V l i l V L K I j  
v /  VLKI 3 
v u3 
"3 
VA5 
t T A - t  
tT4-T  
L t  
h f r \  TUK-LUbS 
tu-> P t  t J 
bPkkU-PAH 
WTUP 
Pn I 
ALPHAL 
0.9Y7949 
1.001 3J5 
U.LIL355 
0 . 2 4 9 ~ 5 L I  
3 . l j b 7 5 3 E - 3 1  
0.L53247 
307.1957 
46)L.I b40 
Y I .  0 2 b I  u 
0. bdUd37 
U . 5 ( 0 S 2 4  
2.321 I 4 3  
u . Y b j 5 l L t - J  1 
LY093.14 
7417.945 
J . b j b 3 6 0  
-37.65703 
7 3 . 5 1 3 6 3  
V 3  256.3198 
8ETA.3 -82.25358 
1%.  2136.116 
r l l d C R l 3  0.428959 
PWX/PVCRl3 0.579754E-01 
PC/P4I  D 0.934413 
W l r l C R I 4  0.107251 
d . 1 0  5.030349 
ETA-S 0.239853 
DEE 0.319258 
DER 0.126645 
YJ 1.291541 
r l l - E O  1.190812 
P I ,  / PJ, 0.998056 
T. 9 / 1 1  J3 1.036950 
r4 . , /13 . ,  0.934823 
P * / P A C R J  4 0.106788 
TJP 0.490976E-01 
v 3  
8 t T A 3  
T , . / T , 1 3  
~ 3 , .  
1 4 . . i r 3 . .  
W I  d C R 1 3  
PVX/PVCR13 
P 4 l P 4 I  D 
PrlIPdCR14 
d / d L R l Y  
d r I D  
ETA-S 
DE E 
D t R  
VJ 
320.4066 
-79.12022 
2103.772 
1 .O 2 1  249 
0 - 9 3 3 8 2 1  
0 -386049 
0 -7  1826 3E-01 
0.940376 
0.135826 
0.136785 
0.221959 
0.854474E-01 
1.156144 
d1-EO 2.843064 
T3P 0.145117 
0.996947 P I  I / PJ e 
YEP 0 . 1 8 3 8 1 3  
D E S  O . B ~ C ~ ~ ~ E - D Z  
L I  2.233187 
T * i T A - i R  1.453718 
PO./PIv 1.110965 
? E l  0.336051 
ETA-R 1.184420 
WCR3 1248.973 
W4 155.3909 
Y t R 4  1206.937 
VU4 335.0409 
T 4 . / T 4 1 9  1.012692 
VLR4 1214.512 
P 4 I P 4 r  0.957672 
P4-/PO. 0.823775 
WE2 0.227558 
P ~ , / P J .  3.850185 
v 4  318.1257 
14. 1989.480 
L I  2.035274 
THET4-I .R 1.459718 
J E S  0 . 1 0 8 2 2 8 E - 0 1  
PO./P4r 1.162541 
O E I  0.223511 
E T & - I  1.126307 
17 
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Mode Three Sample Output 
OFF OESIGN PERFORMANCE OF A RADIAL INFLOW TJRRIUE 
TURBINE GFn4FTRY A 0  0.125ee7 A I  0.407800E-01 A3 0.41745OE-01 A 4  fl.471RBOE-01 D 1  0.426500 
INLET CflNi3lTIflNS .PO 3600.000 TO 20h0.000 
DESIGN SPEEDS U3 780.6838 U4 443.2450 
F L U l n  PROPERTIES G 1.6b6700 R 18.43700 CP 0.59242OE-01 EPS 0.910949 
MnnE 3. AUTOMATIC OETE?MINATIDN OF M AN0 K 
0 3  0.414166 L 0.12083OE-01 A L 1  72.47000 8 4  -56.850flfl 2 22.00000 
3 3.947835 
K 0.683671E-01 
K 1  0.763553E-01 
PFRCENT 100.0000 
U3 780.6838 
114 443.2450 
OESIGN PI. /Pf l .  0.980000 
DESIGN SMALL-W O.74R400 
DESIGW PO./P4. 1.740000 
CESIGN FTA-T 0.917000 
V / V C Q I I  
VCR in 
RHO 
RHO-VCR IO 
P V I P V C R I l  
SYALL-W , 
PVlPVCR i O  
V l V C R  IO 
V / V C Q  12 
PV/PVCP 12 
w 1  
FTA- I 
RflT flR-L 0 S S 
SPFFO 
DELTA 
Nfl T 
w in  
C.6 15818 
1235.911 
117.1473 
0.5 30352 
0.74R445 
0.491 483E- 0 1  
0.49233 1E- 01 
0.61R131 
0.531715 
22.12419 
0.919463 
1.34 2 7 4 0  
1.701146 
793.1747 
0.94 7862E- 0 1  
2 5 . 4 e 5 w  
360 00. on 
PO./P4 1.796072 
NSP 75.74157 
P2 ./PO. 
Pi'./PI. 
R2 
VU lVCR J 3 
VX/VCRl3 
V l V C R  ) 3  
v u3  
w3 
v x3 
ETA-E 
ETA-T 
LE 
STATOR-LOSS 
EO-SPE EU 
SPF ED-P AR 
UTCIP 
PHI  
ALPHA2 
0.981934 
1.001973 
0 .Z 1 2 1 9 9  
73.38271 
n .bo6932 
0.1 ~ 2 6 ~ 3  
0.6133829 
750.1139 
727.6395 
225.7794 
0.91R337 
0.913009 
1 .?803FO 
O.SO1912 
29695.14 
15838.75 
1.35R794 
-17.24718 
v 3  
BETA3 
T3. v 
T4.r/T31 t 
WIWCRI 3 
PVX/PVCRI3 
P 4 / P 4 I  0 
PW/PUCRI4 
WIWCRl4 
W.10 
ETA-S 
DE E 
DER 
VU 
T. ,/T, 13  
u1-EO 
TOP 
P I  ,/ PO. 
783.3564 
-7.71 1356 
1870.599 
0.925572 
0.193457 
0.15 5 8 6 4  
0.96 55  95 
0.369567 
0. ?919?4 
24.237 18 
0 .502193E-01 
0.908058 
n. 8 6 ~ 0 9 ~  
0 -526858 E-0 1 
0.69 1 0 74 
15.053361 
1.640600 
0.9~000~1 
WCR3 1177.725 
W4 444.0692 
WCR4 1133.05D 
VU4 71.49717 
T411T4.v 0.974083 
VCQ4 1118.271 
P4/D4, 0.96R264 
D4fPn. 0.556771 
T4. 1686.502 
P 4 r l P f l 1  0.575019 
v 4  253.2051 
uEa 0.485880 
nEs 0 . 3 1 4 6 s n ~ - o i  
L I  O.ZR6548E-01 
THETA-CR 1.46971 8 
PO.IP4, 1.739077 
FTA-R 0. 969702 
D E I  0.112552E-02 
18 
Main Program Listing 
c 
c 
C 
C 
C 
c 
C 
C 
C 
t 
C 
C 
C 
A FORTRAN I V  CGMPIJTER R f ! U l I N F  T O  P R E D I C T  O F F  D E S I G N  PERFCIRMANCE 
nF A R A C I A L  I N F L D N  T I J 2 R I N E  
SllH I X * G 1 = X *  I l a - [  G- I 1 / I G+ 1. l * X  *X )** ( 1. / I G-1. ) I 
D A T A  
C A T A  
COMMON 
A C / 3 2 , 1 7 3 9 / r  P I  /3.14159/r X J / 7 7 8 . 1 6 /  tF 1/ -01745/  
T O L /  .OOOOO 1 / t  XNK/S .  /. XMN/9 .  / 
/ G F T K / P R E F  WRFF .G s AC r A  1 P A L  1 9 TO * R t PO 
1 t PDSGY. CP. G1.G 2.G3 . € T A D  1 U 3  eL4  
Z 
V U 3 . 8 4  1 T 4 T 3  v WCR3 .TT3 rW3WC3.83.  
P H I  e P 2P P 1 P  .P 1 P P D P  
I N T E G E K  P T E S T  . E T E S T  
R F A D I 5 r 4 0 C ) P R E F . W K F F  
I N P I J T  T t J R H I N E  GEOMETRY- IhLET C O N D I  T I O N S - S P E E D S - F L U I D  P R D P E R T I E S  
1 K F D C I  5 1 4 0 0 )  A O i  4 1. A3.A 4.D1 . D 3 r  X L v A  L1 .84 .  Z R R  9 PCivTO r 
1 U  3 114. G.R.CP e V S T A R T  r D E L V l  .VEND 
IJ Z 1 =1J3 
I14 1=114 
C L L L  
G I = E + I .  
G7=G-1. 
G ' = G 2 /  G 1 
E P S= 1.4 / G* ( I G 1 / 2 .  ) * 9 1 G / G  2 l / 1.8 929 1 
R 1 = C 1 /  7 
R ? = C 3 / 7 .  
GETK 1 I XK 1 V 1VC 18 1 
D E T E R C I N F  k n D E  D F  O P E i A T I U N  
R E A D 1  5.401 )MODE 
MOOF=1.  I M P L I E S  A PEKFOHNAIVCF RlJN V A R Y I N G  P E R C E N T  S P F E D  
M D O E = 7 *  IMPI .  I E S  I N P L I T T l l \ i G  V A R I O U S  V A L U E S  OF M AND K AT D E S I G N  S P E E D  
M O C F = 3 r  I M P L I E S  L E T T I N G  I H F  M A C H I N E  D E T E R M I N E  T H E  V A L U E  O F  M A N D  K 
30 
7 
5 
3 
4 
40 5 
GI- T D  1 2 ~ 3 . 4 ) . M f l l > f  
R E A O I  5,400 I P F R C T  
V I V C  1 = V S T A R  T 
D E L V  =OEI.VA 
GO TO h 
R € A C I  5 1 4 0 C )  XM .XK 
P E R C T =  100. 
V I V C  l = V S T A K T  
D E L V  = D E L V l  
GC T f l  6 
R F A C I  3.405) P D S G N . E T A D t P T F S T v E  T E S T  
F f  RMAT I Z F  10.4.2 I 1 1 
XK= I .E-R 
R F A O I  5 1 4 0 0 ) X M . X K  
K = l  
P E l i C T = l 0 0 .  
v ~ v ~ i = v i v r . i o  
2 
4 
5 
6 
8 
9 
12 
13 
15 
17 
19 
h I J  3=1131*P ERC T/ 100. 
114=(141*PkRCT/ 100. 
GO TO 40 
R F f l O P = P f l / R / T O  
P L C R n= V C R n  +R HOOP 
CflS  A 1  1 = C O S  ( A L  1 + F l )  
S I N 4 L  1 = S  I N ( A L l * F L J  
C C A S F  CTN'STANTS 
50  V C H O = S B K T (  2 . /G l *AC*TO*G+R I 
C S T A T O R  A N A L Y S I S  
C 
23 C r N T I V U F  
RI-OVC I = S I J H ( V l V C  1.G 1 
O I = 2 . * X K l + K H l l V C  l * A l + C O S A L l / A O / G l  
Y = V  1vc 1 
X = Y / 7 .  
0 1 =(3 1 / I 1 .- Y + Y 1 
10 P I P P O P = (  1 .-XK I*G3+( X * X + Y * Y ) / ( l  . -G3*Y+Y) 1 **IG/G2) 
S h = P  1 PPOP*RHOVC l * P V C R O * A l * C O S A L l  
K tO V U 1  = S W / PVC R 0 / A 0  
F=SUR(  X. C-)-RHIIVCO 
Q = (  F+Kl-OVCO ) / X  
FF=k)-d . *X* *2 /G  1+0+* ( 2  .-G) + X * Q l  * P l P P O P + * (  2.-G) 
X I = X - F / F P  
IFlARTllXI-X)/Xl).LT.TCL) GO TO '3 
x = x  1 
GC! Tn 10 
t 
t S T A T O P  TO K I I T U R  A N A L Y S I S  
9 v c v c n = x i  
V i V C  2= ( XK 1+ 1.) / I  XK+1.) *Y*Y-  ( X K - X K l  ) / I  XK+ 1. ) * X + X  
VI?VC?=SORT I V P V C  9 )  
R b2VC7=S lJR I VZVC 3 .G 1 
P 7 P P O P  = I  I .-( G3+ XK* ( VJVCO**  2 + V Z V C 2 * * 2  I /I 1 . -G3*VZVC2 **2) 1 J * *  I G / G 2  I 
P i P P I P = P ? P P f l P / P  l P P f l P  
T A N A L  7=2  .+P I * R  l * X L * k H 2  VC 2 * P Z P P  1P*S I N A L l  / I R H C V C  l * A l  *CGS AL 1 J 
A L 2 = A T A N l  T A N A L  2 )  
S I N A L Z = S  I N (  A L 2 )  
R Z = R l * S I N A L  1 / S  i N A L 2  
L 
C R n T O G  INILET A N A I L Y S I S  
r 
L 
V U V C 3 = K Z / K  3 * V Z V C 2 + S I N A L Z  
x=v  1vc 1 / 2. 
F=O*  I 1 .- G3+ I X* X +VIJVC 3+ * 2  1 1 *+ ( - 1. / G Z  1 - X  
F P = 2  ./6 1 *X*Q** 2 / (  F +X 1- 1. 
X I = X - F / F P  
IF(ARF((Xl-X)/Xl).LT.TCL) GO T O  11 
x -x  1 
GC TO 12 
11 v x v c 3 = x 1  
V 3 V C 3 = S i J K T  ( V X V C 3 * * 2 + V L i V C 3 + * 2 )  
V ( I 3 = V C l i l l * V I J V C 3  
v h 3 = V C R n * V X V C  3 
v 3= vcito* v 3vc 3 
12 0 = R 7 / ; <  3 + R H 2 V C 2 * C O S  ( A L 2  ) 
20 
24 
25 
26 
29 
30 31 
37 
3 8  
39 
40 
42 
43  
49 
W 3= I V 3 + + 2 - i  .+U 3*VU3+U3**2 ) ** .5 
c. ns t3 3; v x  3 /  w 3 
S I N B 3 = ( V U ? - U 3 )  /W3 
R3=AR 5 I N 1  S I N B 3  1 
T T 3 = 1 * - 6 3 + 1  2.*U?*VU3-U3'4*2) /VCRO**2 
T 3PP=TO+TT3  
T 4 T  3=1.-( U3**2 -U4* *2 )  /(2 .+AC*XJ*CP*T3PP) 
W3WC3=VXVC3/ (SQRTl  T T 3 ) * C O S B 3 )  
W CR 3=W 3/W 3WC 3 
R k X  VC3-tSUR ( V3VC 3 t G  14: VXVC 3 /V3VC 3 
WX3=k3+COSR3 
VU3OPT=113*1 1.- 1.98/ZRK) 
WU30PT=Vb3 f lPT-U3  
P H I = A T A N ( k U 3 f l P 1 / W X 3 )  
C 
I F l  MODE .NE -3 ) G O  TO 3 0 0  
C A L L  GFTMI  XK.XM.l.ETAD.1) 
300 CClvT It\IIJF 
C ROTOR A N A L Y S I S  
C 
1 5  
c 
x = v  1vc 1/ 2 .  
O=KHXVC3*A 3 / (  A4KUS.I B 4*F 1 1 1 / ( T  T 3 * T 4 T 3 )  ** l G l / G 2 / 2 . )  
0 1 = # 3 E J C 3 * ~ 2 9 ( X M + X K + S I N l B 3 -  P H I  )**2) / T 4 T 3  
KTWNT=O 
oi= 1 .-G 3 * x + x  
K C k N T = K n h N T + l  
O?=XM*XK*X*X+O 1 
F 2 = 1  I . - G 3 * I Q 3  ) / R 2 ) + + l G / G 2 )  
F 3 = S U H l  X.G) 
F =O/FZ- F 3 
F 2P =G 1 G 2 * F 2** I 1 . /G )+ ( - 2. * G 3**2 * Q3 / Q2 *+2 * X-2. * G3 * XM * XK * X /  Q 2 ) 
F?P=-L . * X * * 7 / G l * ( F 3 / X  ) * * I  2 - 4 1  + F 3 /  X 
F P = - Q /  F 2** 2+FZP-F3P 
X I = X - F / F P  
C CHECU F n R  CHCIKING C O N D I T I O N S  
I F 1  ( X I  . G T -  1. ).OK. ( X 1  .L T. 0.) -OR.  (KOkNT. GT.300 1 )GO T O  13 
I F I A R F I  ( X l - X ) / X l ) . L l . T O L ) G O  TO 14 
X = X l  
GT: i n  1 5  
14 P 4 P 4 l I ) = F 2  
w 4WC4=X 
WCR4=IJCK 3*SORT ( T 4 T 3  1 
W 4 = W CR 4+ W4 WC4 
V 1 ; 4 = ~ 4 -  W4*ARS ( S I N  I F l*B 4 
k U 4 = W 4 * S I N I  F l * I 3 4  1 
T 4T  4 =  1. t G  30 ( U4**2+ 2. * U 4 *  W 114 1 /WCR4**2 
P4PPf lP=P I P P O P * P 4 P 4 I D + (  T T 3 * T 4 T 3 * T 4 T 4 ) * *  I G / G Z ) * P Z P P l  P 
S I N B 4 = S I N ( F  l e 8 4 1  
CTSB4=Cn S I F l* l3  4 1 
VTR4=dCR4*SOR T (  T 4 T 4 )  
PHWCR 4 = F 3  
) 
V4=SORT (W4**Z+Cf lSH4**  2 + (  U4+W4*SI  N 8 4  )**2 
P 4 P 4 P = I  1 . - G 3 + l V 4 / V C R 4 ) * * 2 ) + * 1 ~ / G Z ~  
P4POP= P4PPf lP+P4P4P 
50 
5 1  
52 
53 
57 
59 6C 
61 
64  
65 
66 
75 
76  
77 
78 
79  
80 
8 1  
82 
8 3  
21 
T 4 P = T 4 1 4 * 1 4 2 3 *  T3PP 
T k F T C $ = ( V C R O / l C 1 9 . 4 6 ) 4 : * 2  
W K = V U  3a113-V U4* U4 
W K = h K / A C / X J  
W K l = C P * (  TO-T4P 
W I D = C P * T O * l  l . - P 4 P U P * * ( G 2 / G ) )  
E T A T = A K / W  I D P  
E T A S = d K / W  I D  
P 3 P 4 P =  ( 1 .-G ?* ( V W C 3 * * 2 -  I VIJVC3**2- (  U 3 / V C K O )  **2 1 **2) I * * (  G / G 2 )  
P 7P3P= ( 1 . - G W V 3 V C 3 * * 2 1  * * ( G  / G 2 1  
WICP=CP+TO*( ~.-P~PPOP+I[GZ/G)) 
P ~ P P ~ P = P ~ P P O P / P Z P P O P  
w K I r ) P = c P * T n * i  ~ . - P ~ P P ~ P * *  ( ~ 2 1 ~ )  I - (  u3-v113) 1.921 ( 2  . *AC*XJ)  
V C = V C A ~ S V ~ I V  cn 
v ~ = v c ~ n + v z v c ~  
R T T I . I l S = X M * X K * I  W3*(2+W4*+2 1 / ( 2 . * A C * X J )  
S T A L I ) S = X K * I  V O + * Z + V 2 * 4 2  I /2. /AC / X J  
C EK =All T L f l  S /bl I D 
C E S = S T A L O S / h  IO 
DEL =P!1/2 116.22 
W € U = S d * S Q R T  ( T H E T C K  1 / D k L + E P  S 
W I F O = b l K / T H F T C U  
D E E = V 4 * * 2 / (  Z.+AC*XJ+WI 0 )  
E l A F = E T A S  +OEF 
X l  F=V/++* i / i  . / X J / A C  
DE I = (  r l3S SIN ( 8 7 - P H I  
A L 7 = 5 7 . 3 * A L 7  
R 3 = 5 7 . 3 * R 3  
P k I = 5 7 . 3 * P H I  
F T A  I = F T A  E i O E I  
E T P H  =E T A  I +LIE€ 
F C S P D = X N / S O R T (  T H E T C K )  
X hU =II 3 /  SdH T ( 2. * AC* X J*h I 0 ) 
SPP 4R=SW*XN+FP S/DE L 
P T P P ~ P = I  ./P~PPIIP 
X hf lT=KN/SORT(  TO 1 
w mi’= ii w ir sm T ( TII ) 4: 144. / P O  
X T I l P = S W * W K * 3 . 5 6 1 6 *  144. / X N / P f l + A C + X J  
P 4 = P 4 P O P * P O  
T 4 = T 4 P *  ( 1 .- G 3* ( V 4 /  VC K 4 I **2 1 
K l - 0  4=P 4 / R  / T 4  
D 4 = sw / KIin 4 
C T = I J 3 / S ( J R T (  Z . * A C * X J + b i I D P )  
H 4 = X J * W  I D P  
X h S P = X N + S Q R  T (  0 4  I / H 4 * * .  75 
SPP A R = S w * X N / I l E L  
G l ? O = 7 ’ i  37.1 i94 WK* SvJ /PO/ XN+ A C * X  J 
IF(FI I?I )E.hE.31 GO TO 2 0  
E X =  FTA S 
I F (  E T f S  C .FiS .2) E X = €  T A T  
1 F l K . E O . h )  Gn T O  2 5  
G[1 TO 2 3  
I + *  2/ ( 2.  * A C * X  J*WI 0 I 
X L  r = D E i * w i v  
x h =c.a.*o 3 IP I 1 0 3  
P C P P ~ = ~ .  IP~POP 
C P L l  G F T M I  XK .XM * ? * E X  v K )  
84 
85 
86 
87 
a8 
89 
90 
9 1  
92 
93  
94 
95 
96 97 
10 6 
22 
I 
2 1  V I V C l = V 1 V C l i D E L V  
I F( V 1 V C  1 .GT .VEND J GI1 T O  2 2  
GC T f l .  2 3  
7 2  V I V C l = V S T A R T  
D F L V = I ) E L V  1 
I F ( M 0 i ) E . E O . l )  G O  T O  5 
I F ( M O 3 E . E Q . i )  GO T O  3 
I F ( h l O i l E . E 0 . 3 J  GO T O  4 
W R I T E (  6 . 5 C 9 )  
I F ( P T E S T  .ELI. 11 W R I T E ( 6 . 5 2 9 )  PDSGN 
I F ( P T F S T  .EQ- 2 )  k R I T E ( 6 . 5 2 6 )  PDSGN 
I F f E T F S T  .EO. 1 )  W R I 1 € ( 0 1 5 2 7 J  € T A D  
I F l F T E S T  .EQ. 2 )  W R I T E ( 0 . 5 2 8 )  E T A D  
7 5  C U N T I N I J E  
XM 9 X K r X K 1 .  P € R C T . U 3 r U 4  ,PREF t WKEF 
GO TO 20  
C C H O K F C  
1.3 I F ( H U i ) E . E O . I I  GO TO 2 0  
v I V C 1 = V 1 V C 1 - D E L V  
O € C  v=I)El .  v / 2 .  
I F ( C E L V . L T . 5 . F - 4 )  GI1 T C  (5.3J.MODE 
G C  TO 2 1  
C 
C I I I I T P I I T  FOR S P E F D  V l V C l  
70  CTNTL’JiJF 
k R I T F ( h . 5 0 5 )  
5 0 5  F r R M A T (  1 k 9  J 
W H I T F (  6 . 5 0 6  I V l V C 1 , P Z P P r l P  v V 3 r W C R 3  sVCKDI P ~ P P ~ P I  R3 rW4 rRHOOPv 
1 A L  7. T T 3 .  WCK4.PVC?D r R 2 t  T 3 P P .  VU4 r R H O V C l  r V U V C 3  v T 4 T 3  v T 4 T 4 .  SW. 
7 V Y V C 3 .  W 3 W C 3 . P 4 P P O P V  KHOVCO. V 3 V C 3  v R H X V C 3  r V C K 4  
C 
W H T T E ( h . 5 G 7  J V O V C C I . V U 3 v P 4 P 4 1 D v  V 4 v V 2 V C 2  . ~ ~ . R H W C R ~ I P ~ P ~ P I  
IK I ’Z I IC? .  V X 3 . W 4 ~ C 4 I P 4 ~ n ~ . k K , E T A E  . W I D P . T 4 P i k I  O ~ E T A T ~ E T A F I W E O I  
7 E T A  1. XLC..I)EF . X L I  .ROT L 0 S t S T A L O S r I ) E R r U E S r  XNI E O S P D . X N U r T t i F T C R  
c 
C 
C 
4 0 
W R I T E (  h . 5 0 P  J D E L .  S P P A K t  W l E C . P ( I P P 4 P r  XNOTI h T O P  .XTOP.DEI  
P f l P P 4 . P H I . P  1 P P O P . t T A K  . X N S P  
GO T f l  2 1  
( I b T P U T  I N P l l T  
W r( I T E  ( 6 . 5 0 1  ) 
I1 Il . iJ4 1, G. R . C P  1 E P S  
IF(MI I i )E .Fb) .  1 )  W R I T E ( 0 . 5 C Z )  
An. A 1  A 3  A4.D 1. D3 9 XL t A L l  r H 4  .ZBR v POI TO. 
1 G 1 5 . 6  / 1 3 X . L H i 1 3 . G L 5 . h / 1 3 X 1 2 H U 4 . G 1 5 . h / L X 1 1 4 H D E S I G N  P l r / P C l r  G 1 5 . 6  / 
2 J X . 1 4 k I ) E S I G N  S M A L L - W e G 1 5 - 6  1 
W li I T F (  h 9 5 0 9  J %M t XK 9 XK 1 t PEKCT.  U 3  r U4 r P R E F  * WREF 
WR I T F (  0 . 5 0 5  J 
e r  TO 5 0  
5 2 5  W R I T E ( 6 . 5 0 4 1  
G C  Tn 5 0  
C F O R M A 7  S 
5 7 9  F C R M A T ( 2 X .  I ? H D E S l G N  P f l . / P 4  G 1 5 . h )  
5 2 6  F C l K M A r (  l X . 1 4 H D E S I G N  PO. /P4.  G 1 5 . 6 )  
5 2 7  F T R M P T (  2 X  1 J k D E S I G N  E T A - S  G 1 5 . 6 )  
12-3 
124 
126 
1 3 0  
128 
140 
14 1 
1 4 2  
143  
14 5 
146 
148 
152 
15 3 
155  
23 
5 2 8  FORMAT( ZX 13HDESIGN ETA-T 6 1 5 . 6 )  
400 Ff lKMAT(RElO.5)  
5 0 1  F(JKMAT( l b l r  
1 36X.49HOFF DESIGN PERFORMANCE OF P R A D I A L  INFLOW TURBINE / /  
1 2 1 H  T l l K H I N E  GEOMETRY A f l ~ G l 6 ~ 6 ~ 2 X r Z H A l ~ G l h ~ 6 r Z X r Z H A 3 r G 1 6 ~ 6 t 2 X r  
2 2  b A 4  * G 16.6 9 7X 2HD 1 9 G 16.6 
3 6  16.6.1X ~ 2 H R 4 r G 1 6 . 6 ~  2X . lHL.C,16-6 / 2 L H  I N L E T  C f l k D I T  IflNS PO? 
4G16.6.2X12HTf l rG16.6 / 1 4 H  DESIGN S P E E D S , 5 X . 2 H U 3 . G 1 6 - 6 ~ 2 X *  2HU4r 
5 G  16 .6 /2Ok F L U I D  PKf lPERTIE S G 9617.6 r 2  X r l H R r G 1 7 . 6  r Z X r Z H C P r G 1 6 - 6  r 
62X. 3hFPS.Gl6.6)  
/ 1 9 X  r 2 H D 3  rG16.6 9 2 X  r 1 HL r G  17 - 6  r 2 X  9 3 HAL 1 t 
401 FCRMATl I 1  1 
5 0 2  FPRMAT( RIiKMflDE 1.2X.37HPkRFflRMANCE RUN VARYING PERCENT SPEED ) 
5 0 3  FFRHATI EHKMOOE 2.2X.31HMANUAL DETERMINATION OF M AND K ) 
5 0 4  FCRMPT( EHKMOOE 3.2X.34tiAC:TCMATIt DETERMINATION OF M AND K 1 
C 
5 0 6  FCRVATl  1 2 H  V/VCR 1 1  . G 1 5 , 6 ~ 9 X 1 7 H P Z r / P 0 9  rG l5 .6 .14Xr2HV3rG15.6 t  
1 1 1X. 4i-IWCK3 
2 G 1 5.6.1 3X e 2HW 4 G 1 5.6 / A X  fl +G 1 5.6 
38 kT. v / T.  1 3.G15.6 1 1 X  9 4HLiCR4 rG15.6/ 1 2 H  
4G 1 5. h 1 2  X 
5A X t  AHV Li/ VCR 13. G 15.6 7 X  t 9H 1 4  7 * / T 3 r  rG 15.6 
61 2H 
77I-P4./P(I. .G15.6 / 1 2 H  P V / P V C R ) O r G 1 5 . 6 , 9 X r 7 H V / V C R ) 3 , G 1 5 . 6 r h X I  
A lCHPVX/PLCR 13. G 15.6.11 X *  4HVCR4 rG15.6 
G15 6/ 7X v 5HVCR 1 0 r G  15.6.9X t 7HP2 , / P I  9 r G 1 5  - 6  9 11x1  5HBET A 3  9 
RHO-VCR) Ov G15 - 6  r 1 4 X  r 2HR2r 
5ti RHO t 0 X r 6HAL PHA2 t G 15 6 9 8 X r 
4HT 3.9 .G 1 5 - 6 * 12 X * 3HV 114 9 G 1 5  -6  / 1 2 H  PV/ PVC R 1 6 1 5  6 v 
7 X 9 8HT4 v /  14 9 r r G  15.6 / 
SMALL-We 615.6 9 8X t 8HVX/ VCR) 3rG15.6 9 9 X r  7HW/WCR I 3  r G 1 5  -67 6 x 1  
J 
5 0 7  F f R M A T l  l 2 H  V/VCR 10. G15 - 6  1 3  X t 3HV113 rG 1 5  -6  9 9 X  v 7 H P 4 / P 4 I D r  G15.69 
l l Y X . Z H V 4 . G 1 5 - b  /12H 
29FPlr /P WCR J4 .G15.619X 6HP/ t /P4r  rG15.6 
33bVX 3 .  G15.67 9x1  7HW/WCR)4rG15-6 99X+6HP4/PCr  r G l 5 . 6 / 1 0 X r 2 H W l t  G15 - 6 9  
4 1  1X. 5HETP-E.GI5.6.12X14HWr I D  .G 15.6 r 1 2 X  r 3 H T 4 r  rG15.6/9Xr3HW IDrG15.6,  
5 1  1X 5i-IkTA-T G15.6.11 X 5HE TA- S I  G15.6 r 1 2  X 7 3HWEQr G15.6 
6 1  b 
7 2  I-L I v C, 1 5  .h/ 12H 
A13X. ~ I - D E K I  G15.6 9 1 2 X .  3HDES.G15-6 / lH  
X 8 I-EO-SP € E f lr  
9 G 1 5 .  t t  14Xv 2bNU. G 1 5  .6.7X.RH THETA-CR rG15.6 
V/VCR) 2 sG15.6 * 14X72HW3 r G 1 5  -6  r 7 x 1  
/ 1 2 H  PV/ PVCR 12 rG 15.6 r 1 3 X  r 
/ 
6X. 5 H F T A - I  G15.6.14Xr 2HLE r G  15.6.13X r3HDEF: ,615 -6 r 1 3 X  t 
RO TOR-LOSS eG15 - 6 9 5 X 1 I H  S TATOR-LOSS r 6  15 - 6  r 
.6Xr5HSPEEDrG15 -6 r R X .  
1 
50 R FrRM AT ( 7X 9 5HDELTA t G 15.6 r 7X v 9HSPEED-PAR r G 15.6 r 
11 1 X  9 5tiW 1-EQ tG15.hr 8X e 7HPO t /P4. r G 1 5  - 6  /9X13HNOTr G l  5 . 6 r 1 2 X  r 4HWTOPr 
2f- 15. h. 1 3 X  e 3 I-TOP 9 G 1 5  
3 1  t 
4 1 0 x 9  5HETA-R. G15.6/ 1H t3X13HNSPeG15.6) 
6 12X.  3HDE I rG 15.6 / 
5X. 6HPO. / P 4 r  G15. t v 13X . j H P H I  r G  15.6 .9Xr7HPl  ./PO r rG15.6r 
EhD 
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internal Program Variables and Definitions 
A 0  
A1 
A3 
A4 
AC 
AL 1 
AL2 
B3 
B4 
COSALl 
COSB3 
COSB4 
CP 
D1 
D3 
DEI 
DEL 
DELV 
AO 
A1 
A3 
*4 
acceleration constant 
“1 
“2 
63 
04 
cos CYl 
cos P3 
cos P4 
c (input variable) 
P 
Dl 
D3 
A% 
6 
incremental value of V/Vcr (input variable) 0 
25 
DER 
DES 
DM 
ETAD 
E TAE 
E TAI 
ETAR 
ETAS 
ETAT 
E PS 
F 
F1 
F2 
F2P 
F3 
F3P 
FP 
G 
G1 
G2 
G3 
H4 
A% 
A 79 
Am 
design value of efficiency 
?E 
VI 
E 
temporary storage 
temporary storage 
temporary storage 
temporary storage 
temporary storage 
temporary storage 
temporary storage 
Y 
Y + 1  
Y - 1  
(Y - 1)AY 4- 1) 
temporary storage 
26 
maximum number of k's KMAX 
MODE 
PO 
POPP4 
POPP4P 
PlPPOP 
P2PPOP 
P2PPlP 
P3P3P 
P3P4P 
P4  
P4POP 
P4P4ID 
P4P4P 
P4PPOP 
P4PP3P 
PDSGN 
PERCT 
PHI 
if MODE = 1, performance run varying percent speed 
if MODE = 2, manual determination of m and k 
if MODE = 3, automatic determination of m and k (input variables) 
P3/Pb 
P3/Pi 
p4 
P4/Pb 
Pi/Pb 
Pi/ P; 
specified p'dpi or pb/p4 (input variable) 
percent of design speed (input variable) 
(P 
27 
, .. . . .. _.  , . . . . ... . .. , , , ,- ~ ~ . .._. _. .. . .. . . . .. . . .. . -.~ - 
I,.,, , I ,  I . I I  
1111 l1111lI 
PIN p y  144 
PREF 
PVCRO (p' Vc r) 0 
Q temporary storage 
estimate of pi/pb to determine kl  (input variable) 
Q1 
Q2 
Q3 
Q4 
R 
R1 
R2 
R3 
RH2VC2 
RHOOP 
RHOVCO 
RHWCR4 
RHXVC 3 
ROTLOS 
SINAL 1 
SINAL2 
SINB3 
28 
temporary storage 
temporary storage 
temporary storage 
temporary storage 
R (input variable) 
rl  
r2 
r3 
(pv/p'vcr)2 
Pb 
(pV/p'Vcr) 0 
(PW/PT'Wcr) 4 
(pvx/prvcr) 3 
LR 
sin al 
sin a2 
sin 0, 
c 
SPPAR 
STALOS 
TO 
T4 
T4P 
T3PP 
T4T3 
T4T4 
THETCR 
TT3 
u 3  
U3 1 
u 4  
U41 
vo 
v 2  
v 3  
v 4  
vovco 
VlVC 1 
wN/ 6 
LS 
Tb 
T4 
T'i 
*cr 
(T' '/ T 3 3  
U3 (input variable) 
initial U3 
U4 (input variable) 
initial U4 
vO 
v2 
v3 
v4 
(V/VCJO 
see input 
29 
v2vc2 
v 3 v c 3  
VCRO 
VCR4 
VEND 
VSTART 
vu3 
vu4 
VU30PT 
v u v c 3  
v x v c 3  
w 3  
w 4  
w3wc3 
WCR3 
WEQ 
WEQD 
WID 
WIDP 
WREF 
(v/vcr) 2 
(v/vcr)3 
Vcr, o 
vcr,  4 
(input variable) 
starting value of V/Vc, 
V 
(input variable) 0 
u, 3 
vu, 4 
eq. (B16b) 
(vu/vcr) 3 
(vx/vcr) 3 
w3 
w4 
wcr, 3 
eq W 
see input 
s 
hid, t 
estimate of W to determine kl (input variable) 
30 
WTOP 
WU30PT 
w u 4  
wx3 
X 
x1 
XJ 
XK1 
XLE 
XN 
XNOT 
XNSP 
XNV 
XTOP 
ZBR 
eq. (B16c) 
wu, 4 
W 
x, 3 
temporary storage 
temporary storage 
constant, 778.16 
kl 
NSP 
V 
r/Pfn 
Z (input variable) 
This routine evaluates the loss coefficient k l  and a design (V/Vcr)l with a 
specified pb/pi and weight flow w where 
XK1 loss coefficient kl  
X1 design V/Vcr 
The subroutine is as follows: 
0
Subroutine GETKl(XK1:Xl) 
31 
S C R R O I J T I N E  G F T K l ( X K 1 . X l I  
CCMMON / G E T K /  P . W * G . A O . A l . A L . T + K . P O  
SUR( X. G I = X * (  l o - (  G 1- I/ (G+1.  ) * X * X I  **( 1 / (  G - 1 , )  I 
V C R f l = (  h4,34*G*R*T /(G+ 1- I I**- 5 
R k C O = P f l /  R / T 
Q = W / ( R H O O * A U * V C R O I  
R O t O = O  
x = .  1 
F = S l j H (  X *  G I-Q 
F 1 = (  F + O ) / X  
FPz-2 *X * X /  ( G+ 1 
X I = X - F / F P  
I F f A R S f  ( X l - X I / X I I . L T - l ~ E - 5 I  GO TO 2 
x = x  1 
GO TO 1 
O=W / ( P  *KHOf l *VC RO*Al *CO S ( AL+. 01 745 I I 
X = . l  
F=SlJR I X .  G 1-0 
R f l C l = F  +O 
F l = I F + O ) / X  
)*F l** ( 2. .-G 1 +F 1 
v r = x i  
F P = - Z . * X * X / ( G + l  . l * F  1 * * ( 2 . - G I + F l  
X I = X - F / F P  
I F l A R S l  ( X l - X ) / X l ) . L T - l . E - 5 )  GO TO 4 
x = x  1 
GC TO 3 
Subroutine GETM(XK, XM, IGO, ETEST, K) 
For I G O  = 1. this routine computes a value of XM as a function of XK by using _ _ _ ~ ~ 
equations (B17b) to (B24b). For IGO = 2 this routine varies the value of XK by false 
positioning until all design specifications are  met. The following are defined for this 
subroutine : 
XK loss coefficient 
m loss coefficient 
IGO 
ETEST design value of or  qs 
K 
index for mode of operation 
indicator used in method of false positioning 
The subroutine is as follows: 
32 
S I  BKOtJ T I N E  
COMMOY /GETK / P a  E F  tWREF r G  r A  C l r A  1 r ALL .  TO. K r POI P 4 P P O Z  r C P  r G 1  q G 2 r  G39 
GETM I XK XM r 1 6 0 r E  TE S1.K) 
1 E 1 AT, 113. t14 r V U 3 r B 4 r  T 4 T  3 * k C  R 3  r T T 3  r W3 k C 3  r 03 9 P H I  r P 2  P F 1  P 9 P 1  PPOP 
I F ( I G O . G T . 1 1  GO TU 100 
D t I D = C P * T U * l  I . - P 4 P P O P * * ( G Z / C ) I  
D l - = C t I D * E T A T  
V l 4 = (  Q t + 2 5 0 3 3 . - V U 3 * U 3 )  / U 4  
V L 4 =-V I14 
W4= (V:J4-U41 /AB S (SI NL .01745+841 1 
h4=-W4 
h C R 4 = d C R  + % S O R T 1  T 4 T 3 1  
w 4 w c 4 =  W4/14CK4 
h L 4 = h 4 * S  IN(  . 0 1 7 4 5 * b 4 )  
T 4r 4=  1 ,+G 3* I U4**2+2,*U4+WlJ4 1 /WCR4**2 
P 4 P 4 I O = P  4 P P O P /  ( P Z P P  1 P + P 1  P P O P * (  T T 3 * T 4 T 3 * T 4 T 4 ) * *  l G / G 2 )  1 
T=W3WC 3 * * Z / T 4 T 3  
T I = -  ( P 4 P  4 I C** I G 2  /G 1- I .  1 * ( 1 .-G3 *W4WC4*%2 ) / G 3  
X M K = ( T l - T * ( S I N ( B 3 - P H I  ) 1 * + 2 ) / ( W 4 h C 4 * * 2 + T )  
X P = X M K / X K  
RETURN 
101 X K l = X K  
P 4 P P O P =  I . / P 4 P P O Z  
100 GC: TO ( l C l . l O Z ) . K  
E l = F T E S T  
0 I F l - F T E S T - F T A T  
K =7 
X K=XK+ - 0 0 5  
R FT t IRN 
1 0 2  XKZ=XK 
F ? = E T F S T  
C I F Z = E T  EST-ETA T 
I F ( D I F ? * D I F l )  1 C b . 1 0 5 . 1 0 4  
1 0 4  E1=E7 
XK l = X K  2 
XK=XK+.OO 5 
D I F  l=l> IF 2 
R FTlJRV 
1 0 5  X K = X K 7  
K = h  
R FTLJRN 
K =4 
RFTIJRN 
FNO 
106 X K = - I X K 7 - X K l ) /  ( D I F Z - D I F  l ) * D I F l + X K i  
5 
6 
7 
8 
9 
10 
11 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, December 6, 1968, 
125-23-02-10-22. 
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APPENDIX A 
SYMBOLS 
A 
P C 
D 
g 
Ah' 
&id, s 
t 
J 
P 
Pin 
R 
r 
T 
U 
V 
W 
W 
Z 
a! 
area, s q f t  
specific heat at constant pressure, Btu/ (lb)eR) 
diameter, f t  
dimensional constant, 32.1741 ft/sec2 
specific turbine work, Btu/lb 
ideal turbine work based on inlet total to exit static pressure ratio, Btu/lb 
ideal turbine work based on inlet total to exit total pressure ratio, Btu/lb 
mechanical equivalent of heat, 778.029 ft-lb/Btu 
loss coefficients, dimensionless 
kinetic energy loss, Btu/lb 
axial distance, f t  
turbine speed, rpm 
specific speed 
pressure, lb/sq f t  
turbine inlet pressure, psia 
gas  constant, (ft-lb)/ (lb)('R) 
radius, f t  
absolute temperature, OR 
blade speed, ft/sec 
absolute velocity of gas, ft/sec 
gas velocity relative to rotor, f t /sec 
mass flow rate, lb/sec 
number of rotor blades at tip of rotor 
absolute gas angle, angle between absolute velocity vector and meridional 
plane at mean channel, positive when direction of tangential velocity 
component and direction of wheel velocity agree and negative when they 
disagree 
34 
..... ._ - . . ._ , . . 
I 
P 
r 
7s 
rlt 
‘cr 
V 
cp 
P 
Subscripts : 
cr 
E 
eq 
I 
id 
O P t  
R 
S 
U 
relative gas angle, angle between the velocity vector relative to wheel 
and meridional plane at mean channel; same sign convention applies 
a s f o r  a! 
torque, ft-lb 
ratio of specsic heat at constant pressure to specific heat at constant 
volume 
ratio of turbine inlet total pressure to U. S. standard atmospheric 
pressure, ~ 7 2 1 1 6 . 2 2  
conditions at U. S. standard sea-level conditions 
function of y used in relating parameters to those using air inlet 
modified efficiency figures used in studying loss distribution in turbine, 
dimensionless 
efficiency based on ratio of inlet total to exit static pressure 
efficiency based on ratio of inlet total to exit total pressure 
squared ratio of critical velocity at turbine 
blade-jet speed ratio, U 
U. S. standard atmospheric temperature, 
optimum rotor incidence angle, deg 
gas density, lb/cu f t  
condition corresponding to Mach 1 
exit 
air equivalent (TJ. S. standard sea level) 
incidence 
ideal 
optimum 
rotor 
stator 
tangential component, positive when i ts  direction agrees with that of 
wheel velocity and negative when it disagrees 
35 
I 
.. .... _.. ._ . . .. . . - - .  . 
X 
0 station at turbine inlet 
1 
2 
3 
4 
Superscripts: 
c ) absolute total state 
('7 
(*) 
meridional component, component in plane containing axis of rotation 
station immediately upstream of stator exit 
station where flow from stator exit is assumed to  occupy entire cylindrical area 
station immediately upstream of rotor inlet 
station immediately downstream of rotor exit 
total state relative to rotor 
U. S. standard sea-level conditions (temperature, 518.67' R; pressure, 
14.696 psia) 
36 
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APPENDIX B 
THERMODYNAMIC EQUATIONS 
The equations in this appendix are listed in the order used by the computer. A 
complete set of calculations is made for each specified value of ( V/Vcr ) at each speed. 
Equations (B2) to (B5) are to be solved simultaneously for pi/pb: 
w = 5(*), (p'Vcr) 0 A1 cos al 
pb p v c r  
Calculate v/v,, from 0 
Y - l k l  
Y + l  
1 -  
37 
r 1 
-1 a2 = tan 
1 
PO 
1 sin a 
sin cu2 
Y 2  = Y 1 -  
38 
72 v 
($)3 =&)2 sin O2 
Determine Vx/Vcr from 0 
El3 = (B 13a) 
(B 13b) 
(B 14a) 
(B 14b) 
(B 14c) 
vx, 3 cos B3 = 
w3 
-1 vu, 3 - u3 p3 = sin 
w3 
Y + l  
T i  = Tb($)3 
Calculate the angle 40 as follows: 
vu,3,0Pt - 1 - -  1.98 
Z u3 
(B 14e) 
(B 15a) 
(B 15b) 
(B 15c) 
(B 15d) 
(B 15e) 
(B 16a) 
40 
, .._ .... , .. .,... ..-,., - 
'u, 3, opt 
vu,3,opt = u3( u3 ) 
- 
wu, 3, opt - vu, 3, opt - u3 
(B 16b) 
(B 16c) 
The following three equations are to be solved simultaneously for W/Wcr and 
P'YP'i, id: 0
(B 17a) 
(B 17b) 
(B 17c) 
41 
w3 
Wu, = W4 sin p4 Q4 will be negative) 
Y/ (Y - 1) 
42 
Vu, 
= U4 + W4 s in  p4 
vu, 3u3 - vu, 4u4 Ah' = 
I- 1 
Ah' 
'hid, t 
%'- 
Ah' ycj = - 
s 
(B2@) 
(B2 l a )  
(B2 lb) 
(B24a) 
The foregoing equations have given the flow conditions through the turbine and the 
efficiencies. The following equations give quantities which are useful for  special  pur- 
poses,  such as identifying sources  of loss in the turbine: 
2 2  
LR = mk w3 + w4 
2g J 
(rotor loss) 
43 
2 2  
2g J 
(stator loss) vo + v 2  Ls = k 
A* = LR (fractional rotor loss) 
Ahid, s 
4 s  = LS (fractional stator loss) 
s 
- - v42 (exit loss) 
LE 2gJ 
A% = L~ (fractional exit loss) 
Ahid, s 
W: sin2 (03 - (p) 
L, = - (incidence loss) 
2g J 1 
A % = -  LI (fractional incidence loss) 
&id, s 
(B29a) 
(B29b) 
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gcr =( 1019.46 v c q  
6 =  Pb 
2116.22 
weq = w p c <  E (equivalent weight flow) 
6 
wN - E (weight flow-speed parameter) 
6 
N -  (equivalent speed) 
(blade -jet speed ratio) u3 
- Ah’ AhLq - - (equivalent specific work) 
= 6 
(B32a) 
(B32b) 
(B32c) 
0333) 
0338) 
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w f i  WTOP = 
where pin = pb/144 
r TOP = 7 
Pin 
where I’ = 89 155 w Ah” (in. -1b) 
NSP = a (specific speed) 
H3/4 
where Q = w/p4 and H = J Ahid, t. 
For calculation of p4, 
p4 
PO 
P4 = ,Pb 
p4 
P4 = - 
RT4 
46 
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